Fluoride is regarded as one of the strongest oxidants, which causes oxidative changes in cells of living organisms. It may both increase the content of reactive oxygen species and inhibit the activity of antioxidative enzyme. In recent years, many researchers successfully used the properties of clay minerals in the sorption of fluoride ion from water. This raises the question of the possibility of limiting the effect of fluorine on the negative changes in plants by adding bentonite to soil. A two-year pot experiment was carried out in the Greenhouse of West Pomeranian University of Technology in Szczecin, on loamy sand and sandy loam. Each sample of soil was mixed with three different concentrations of bentonite -1, 5, 10% of dry weight (DW) of the soil and then treated with 30 mmol of F -per 1 kg of dry weight of the soil in a form of NaF solution. A control series was prepared for each soil, to which no additives were added. The medium prepared in such way was transferred to plastic pots (3 kg each) and seeded with 16 pea seeds of Pisum sativum. In three phases of pea development (4 leaves unfolded, flowering and development of fruit), fresh leaf samples were collected and the concentrations of ascorbic acid, reduced glutathione, total flavonoids and total polyphenols were measured. Sodium fluoride introduced to the soil changed the level of antioxidant parameters in the plant, which may suggest that fluoride is involved in the formation of reactive oxygen species, resulting in oxidative stress. Bentonite in a dosage of 10% reduced the toxic effects of fluoride on the oxidative balance and morphological changes in the plant, which was observed especially for loamy sand, naturally poor in clay minerals.
INTRODUCTION
In recent years, the emission of fluoride was significantly reduced as a result of new technologies introduced to main emitter of HF [Franzaring et al. 2006] . Some authors still conclude that it is important to monitor the fluoride levels in the environment, especially because the main amount of fluoride comes from natural resources. For example, biomass burning may represent a major source of fluoride, in a form of fine particles which can be transported far away from the emitter [Jayarathne et al. 2016 ; Weinstein and Davison 2003 ]. Years of research in fluoride have documented that this element accumulates in plants mostly from air pollution and it is absorbed directly through leaves. Root uptake is definitely insignificant in the air polluted areas. However, plants can incorporate fluoride from contaminated soil as well, especially when highly polluted; for example, from multi-sources and extensive application of phosphate fertilizers [Gautam and The natural levels of fluoride in plant leaves ranges between 5-15 mg·kg -1 [Franzaring et al. 2006] . Most of the researchers reported that the level of fluoride in the medium affected the level of fluoride in plant tissues [Gupta et al. 2009 ; Ruan et al. 2003 ].
The fluoride contents in soil depend on the mineral composition of inorganic fraction. For example, apatite is the original source of fluoride in soil. Therefore, the clay fraction contains the greatest amount of fluoride, whereas the arid soils contain the least [Madhavan and Subramanian 2002; Wang et al. 2002] . According to Hamdi and Srasra [2007] , two points are important to enable the F sorption process: the amount of variable charge on the clay and the extent to which the hydroxyl groups may be removed, both dependent on the pH of soil.
It is well-known that fluoride changes the biochemical homeostasis of oxidative stress in plant cells and the level of ROS [Chakrabarti and Patra 2015] . The present study evaluated the effect of fluoride and bentonite on non-enzymatic antioxidant contents in pea leves: ascorbic acid, reduced glutathione, total flavonoids and total polyphenols.
MATERIAL AND METHODS

Setting up the experiment
The two-year pot experiment was carried out on two different kinds of soil, the characteristics of which are presented in the Table 1 . The soil samples were taken from the surface layer of arable land at the depth of 0-20 cm at the Agricultural Experimental Station in Lipnik (53°24'N, 14°28'E) and Teaching and Research Center for Renewable Energy in Ostoja (53°41'N, 14°48'E) situated in the West Pomeranian District, Poland. Loamy sand (LS) and sandy loam (SL) were used in the experiment, respectively.
Soil samples were air-dried and sieved (2 mm mesh). Each sample of soil was mixed with three different concentrations of bentonite -1, 5, 10% of dry weight (DW) of the soil and then treated with 30 mmol of F -per 1 kg of dry weight of the soil in a form of NaF solution so that the humidity of the three kilograms soil samples was adjusted to 60% capillary water capacity.
The control samples were prepared using the same procedure by adding just water with no NaF and bentonite. For each combination, three independent samples were conducted. With the medium prepared in such way, the plastic pots were filled and sowed with pea seeds (Pisum sativum), 16 seeds per each pot. After three days, the pots were moved outdoors under the foil tunnel at the Greenhouse of West Pomeranian University of Technology in Szczecin.
According to BBCH-scale for peas in three phases of development (4 leaves unfolded, flowering and development of fruit), fresh leaf samples were collected and homogenized with buffer to measure the concentration of ascorbic acid (AA), reduced glutathione (GSH), total flavonoid (Flav) and total polyphenol content (Phe).
Determination of antioxidants
The contents of ascorbic acid (AA) and reduced glutathione (GSH) were determined according to Guri [1983] . The leaf samples (1 g) were homogenized in frozen mortars with 3% trichloroacetic acid containing 0.5 mM of EDTANa 2 and then centrifuged at 14,800 g at 4°C for 15 minutes. The level of ascorbic acid was measured spectrophotometrically with 2,6-dichlorophenolindophenol (at 600 nm) The concentration of AA was calculated from the standard curve and presented as μg AA·g -1 fw. GSH concentration was measured with DTNB (5,5'-dithiobis(2-nitrobenzoic acid)) which reacts with GSH producing a coloured product. The absorbance of TNB (2-nitro-5-thiobenzoate) was measured at 412 nm. The results were presented as mg GSH·g -1 fw. Flavonoids and polyphenols were extrated with 80% methanol and then centrifuged at 14,800 g at 4°C for 15 minutes. Determination of total flavonoids content (Flav) was assayed with the method described by Woisky and Salatino [1998] involving AlCl 3 which forms stable complex of yellow colour. The absorbance of the complex was measured spectrophotometrically at 420 nm. The results were presented as mg quercetin·g -1 fw. Total polyphenols content (Phe) was determined by Folin-Ciocalteu method according to [Singleton et al. 1999 ]. The absorbance was measured at 650 nm and the total polyphenol concentration was calculated from the standard curve. The results were expressed as mg of gallic acid equivalent (GAE) per gram of fresh weight of plant tissue. 
Statistical analysis
All experimental results were statistically analyzed using the STATISTICA 12.5. The data from three measurements (n = 3) were analyzed using one-way ANOVA test followed by the post hoc Tukey's test. Differences were considered significant at the p < 0.05 level. The results were expressed as mean ± standard deviation.
RESULTS AND DISCUSSION
Concentration of reduced glutathione
In first year of experiment, the concentration of GSH (Table 2 ) in the pea grown on loamy sand with 30 mmol F -·kg and without bentonite was lower than in the control plant for all three phases of development (by 27%, 4% and 27%,respectively). The bentonite added to the soil with NaF mostly decreased in the level of GSH in plant tissue if compared to the series with NaF (no bentonite) and the values were usually lower than in the reference plant. In the second year of the experiment, a similar effect was observed; the fluoride added to the soil reduced the concentration of GSH in the three measurement dates by 18%, 27% and 33% of control, respectively (Table 2 ). It was observed that bentonite, especially in a dosage of 10%, caused an increase in GSH concentration, reducing the negative effect of fluoride. In the experiment with sandy loam, a similar tendency was observed for the samples of leaves collected in a very young phase of pea development (in both years of experiment) and in the development of fruit phase in second year of experiment, where the concentration of GSH for the combination with 10% of bentonite was 39% higher than in the control. The content of GSH in plant tissues, was usually reduced under the influ- Data are expressed as a mean ± SD of three replicates, different letters for each soil and each year correspond to significant differences at level p < 0.05, LS loamy sand, SL sandy loam ence of sodium fluoride. In the case of pea growing on sandy loam, an increase in GSH concentration was observed in several analytical terms, compared to the control. According to many authors, the concentration of glutathione under the influence of various environmental stresses has been reduced. In the pea leaves treated with cadmium chloride, the content of GSH decreased by 50% compared to the control [Romero- Puertas et al. 2007 ]. The drop in GSH content in the tissues of pea under the influence of cadmium was also noted by Smiri et al. [2010] . Metwally et al. [2005] observed that pea varieties sensitive to Cd, in contrast to more resistant ones, contained lower concentrations of GSH, which may reduce the plant ability to decrease the stress caused by this element. As reported by Lawson and Yu [2003] , different results like a decrease or increase in GSH content under the influence of F -may be due to the varying conditions of the experiment. The increase in GSH content is probably a consequence of the decrease in H 2 O 2 production which follows the inhibition of SOD activity by the abovementioned fluoride.
Concentration of ascorbic acid
A very important parameter in oxidative stress assesment is the level of ascorbic acid. The levels of AA (Table 3) in the tested plant differed depending on the year and the soil type used in the experiment. In first year of experiment, for both types of soil, in first two phases of pea development, the differences in the levels of AA between the series were mainly statistically non-significant. Only during the fruit development period, the influence of F -on AA content was observed: for loamy sand with NaF treatment, the level of AA increased to 232% of control, for sandy loam, it decreased to 44% of control. The bentonite added to the soil in three dosages did not significantly change the effect of NaF on AA content in most of the cases. In the second year of the experiment, the levels of AA in pea grown in the loamy sand differed from the results obtained in the first year. NaF applied to the soil increased the concentration of AA up to 150% of control in the first phase. The bentonite decreased the level of AA inversely proportionally to the dosage of the mineral. In Data are expressed as a mean ± SD of three replicates, different letters for each soil and each year correspond to significant differences at level p < 0.05, LS loamy sand, SL sandy loam the flowering phase, it was difficult to notice any tendency, while in the fruit development phase the addition of NaF decreased the level of AA by 92% of control, and the mineral added to the soil, especially in the dosage of 10 %, decreased the level of AA in the plant up to 114% of control. In the second year of experiment, for the series with sandy loam, NaF did not cause an increase in AA level, but only NaF with a combination with bentonite (5, 10%) enhanced the AA concentration in the second and third measured phase. Bhargava and Bhardwaj [2010] observed that the level of AA in seedlings of wheat (Triticuam aestivum) initially decreased and then increased proportionaly to the level of fluoride in the medium. In the studies conducted by Gupta et al. [2009] , the content of ascorbic acid in rice (Oryza sativa) growing in NaF solutions was lower than in the control plants, but increased along with the concentration of NaF introduced into the medium. The authors explained that F -inhibits the ascorbate oxidase activity and that it is associated with inhibition of AA degradation. The drop in AA and DHA content in peas may also be caused by AA oxidation by H 2 O 2 and degradation of DHA [Jimenez et al. 1998 ].
In this study, the content of AA in plant growing in sandy loam did not differ to a large extent from the control. In turn, in the experiment with loamy sand, the results obtained depended on the year of research, which suggests that the weather conditions might also affect the AA content. As observed by Garcia-Plazaola et al. [2003] , a drop in temperature might cause an increase in the content of hydrophilic antioxidants in plants. Under oxidative stress, when the capacity of the regeneration system is exceeded, the AA pool can also be reduced [Foyer et al. 1994 ].
Total polyphenol and total flavonoids concentration
In the pot experiment carried out in first year on the loamy sand, the contents of Phe in the pea treated with NaF, in the phase of 4 leaves unfolded and fruit development, were lower than in the control plants by approximately 10%, while in the flowering phase -higher by 15% (Table 4 ). In the first phase, the addition of 10% of bentonite increased the Phe concentration to 118% of control. In the flowering phase it was difficult to draw a clear conclusion, as the concentration of Phe increased with the increase of NaF and the addition of the bentonite in the amount of 10% caused the decrease in Phe concentration by 8%. In the phase of fruit development, 1% of bentonite added to the soil with NaF increased the level of Phe to 106% of control. In the experiment with sandy loam, in the phase of 4 leaves unfolded, the concentration of Phe in the series with NaF but no bentonite was lower than in the control by 13%. In the series with bentonite, the concentrations of Phe were higher than in the control and reached 127% (10% bentonite series). In the phase of flowering, the change in the concentration of total polyphenols was observed only for the series with F -and 1% bentonite (by 25%) and 10% bentonite (by 10%), compared to the control. In the phase of fruit development in each series with NaF, the content of Phe was higher than in the control. The highest increase of the measured parameter was observed in plants growing in the soil with NaF and bentonite in dosages of 5% and 10%, by 28% and 25%, respectively, compared to the control.
In the second year of experiment, for the plants grown on loamy sand, the concentration of total polyphenols clearly depended on the dosage of NaF and bentonite. Fluoride added to the soil caused the decrease in Phe concentration, in each three phases, by 8%, 11% and 31%, respectively, compared to the control. Bentonite in the dosages of 5% and 10% influenced the increase of Phe concentration up to approximately 100% of the control, in comparison to the series with NaF but no bentonite. In the plant growing on sandy loam, the content of Phe in the phase of 4 leaves unfolded, increased by 25% for the NaF treated plant. Bentonite in the dosage of 1%, caused a decrease in Phe concentration. The highest increase of Phe level was observed for the series with 10% of bentonite (by 40%). In the phase of flowering, in the series with NaF only, and NaF with 1% or 10% of bentonite, the Phe content was similar to control concentrations, while in 5% of bentonite series the Phe concentration was lower than in the control. In the phase of fruit development, the Phe content decreased to 86% of control. Bentonite applied to the soil in three dosages influenced the increase in the concentration of Phe even up to 114% of control (series with 5% of bentonite).
The next measured parameter was flavonoids content. In the first year of experiment, the concentration of total flavonoids for the plants grown on loamy sand in the phase of 4 leaves unfolded, was 110% of control. In the series with NaF and bentonite, the level of this parameter dropped compared to the control, reaching the lowest values for the soil with NaF and 5% of bentonite. In the phase of flowering, all the series were characterized by lower concentration of Flav than the control plant with the lowest level in the series with NaF and no bentonite and NaF with 5% of bentonite. In the last phase of development, the observed concentration of Flav differed statistically from the control only for the series with NaF and bentonite 1% (decrease by 17%) and 5% (increase by 8%).
For the pots with sandy loam (in first year of experiment), in the all stages of plant development, the highest level of Flav was observed for the plants grown with NaF but without bentonite. The application of the mineral to the soil effected in an increase of Flav level. In each period of analyses, the level of Flav depended on the bentonite dosage. In the first and third period of analyses, the level of measured parameter was closest to the control for the following series: NaF with 1% bentonite and 5% bentonite, while in the third period -only for 5% of bentonite.
In the second year of experiment, for loamy sand series, the increase of Flav level in comparison to the control was observed in all three stages of development (the increase was approximately by 18-32%). The bentonite added to the soil with NaF, may have reduced the influence of F -especially in the second and third period of analyses. be The 10% dosage of bentonite seemed to be the most effective, because the level of Flav for this series was the closest to the control (91%, 112% and 105% of control, respectively for each phase of development). In the series with sandy loam, similar reactions were observed for the 4 leaves unfolded phase. However, different relations were noted for the flowering (the Flav concentration increased by 20% of control for the series with NaF, no bentonite). The levels of Flav for the series with NaF and three dosages of bentonite reached 114%, 126% and 109% of control, respectively.
The level of total polyphenols and total flavonoids in plants seems to be very important in the assessment of oxidative stress. Many papers report antioxidative functions of these compounds Data are expressed as a mean ± SD of three replicates, different letters for each soil and each year correspond to significant differences at level p < 0.05, LS loamy sand, SL sandy loam [Perez et al. 2002; Yamasaki et al. 1997 ]. In our study, a decrease in the total polyphenol content (Phe) was observed in pea growing in loamy sand under the influence of 30 mmol F -·kg -1 s.m. soil. In the experiment with light clay, the Phe content, in most analytical terms, was higher in the plants treated with NaF compared to the control plants. The content of flavonoids in pea leaves differed slightly. Flav content generally decreased in the plants treated with sodium fluoride, for both experiments (with loamy sand and sandy loam).
There are very few reports on the effect of sodium fluoride on the polyphenol content in a plant. Most of the studies concern tea plant, which is a source of both polyphenols and fluorides in human diet. While studying the effect of F -on the Phe content in tea leaves, Li and Ni [2009] observed an inversely proportional decrease in the concentration of polyphenols to the dose of F -, which confirms the study of Lu et al. [2004] . Reddy and Kaur [2008] observed an increase in the content of anthocyanins under the influence of NaF and they explained that anthocyanins might be involved in scavenging reactive oxygen species which resulted from the toxic effects of sodium fluoride.
CONCLUSIONS
1. Fluoride added to soil disturbed the oxidative balance in plants, which resulted in statisctically significant changes in the level of AA, GSH, Flav and Phe in Pisum sativum, compared to the reference plant. 2. Bentonite added to soil may reduce a toxic effect of NaF and improve the conditions for plant development. The plants grown in sandy soil reacted especialy positively to 5% and 10% of bentonite.
